Polymer materials that are used in outdoor enviroments are exposed to humidity and polution. In addition, some insulation materials installed in water or embeded to slush containing serious pollutants for a long time. These conditions adversely affect the dielectric properties of insulating materials. In this study, the prepared unsaturated polyester (UPE) samples are stored in an ionized water solution for 8, 24, and 168 hours. This ionized water solution is considered to represent the polluted water in the outdoor environments. Further, the dielectric behaviors of the prepared polyester samples are investigated using the inclined plane test (IPT) method, whereas the leakage current data that are recorded during the experiment are analyzed using the recurrence plot (RP) method. The results of applying the inclined plane test on the unsaturated polyester samples depict that the lifetime of the samples decreased with an increase in the period of storage in the ionized water solution. Further, the results of the recurrence plot analysis reveal that the recurrence plot point density also depicted a decrease with an increase in the period of storage in the ionized water solution.
Introduction
Today pollution is a key element which effects the quality of humans life and for electrical and electronics devices. Pollution can be gaseous, liquid or solid. Due to the increase of electrical device usage in every industrial sector the reliability and the continuity of the electric power systems gain importance. The intolerence to power outages force engineers to build more resistant materials against pollution and other enviromental factors. Pollution tests are become improtant and several test methods are introduced by several institutes such as IEC, VDE, ASTM, TSE, etc.
Polymers are widely used as insulating material in electrical systems due to their excellent dielectric properties [1] [2] [3] . Polymers are subjected to severe weather conditions such as rain, snow, storm, hail and environmental pollution under operating conditions [4] . Exposure of the material to a high electric field under these environmental conditions can cause the electrical insulation material to be degraded.
Progressive degradation of the surface of a solid insulating material by local discharges tend to form conducting or partially conducting paths [5] . Electrical tracking formed on the surface of polymeric materials is characterized by the formation of conductive paths [6] . The formation process of permanent conductive paths along the insulation surface under voltage stress is called tracking [7] . Due to pollution and humidity a conductive layer occurs on the surface of polymeric materials operating in the outdoor environment. When voltage is applied, leakage currents flow from this conductive layer. Heat is generated as a result of these flowing leakage currents. Along with the heat generated, a dry-band is formed on the insulation surface. The formation of the dry-band creates sparks which damage the insulation surface. Carbonization starts on the insulation surface due to these sparks. The resulting carbonization causes permanent discharges on the insulation surface. Due to permanent discharges, permanent Ersoy Yılmaz and İspirli. RP Analysis of UPE Samples Subjected to Contamination conductive paths are formed on the insulation surface and these conductive paths spread with time. Finally, the insulation capability of surface between the electrodes completely is lost and breakdown initiated [8, 9] . This phenomenon is known as electrical tracking failure.
Based on water absorption resistance polymeric materials can be classified into two class which are hydrophobicity or hydrophilicity. Hydrophobicity is one of the most useful properties of outdoor environment insulation materials [1] . If a material is hydrophobic, a conductive water layer does not form on the surface. Thus, surface discharges in the material are reduced. Energy loss is also reduced with reducing leakage currents flowing through the surface [1, 10] . Unsaturated polyester (UPE) absorbs water in very small amounts to its structure. The amount of water absorbed to its structure are changed depends on the temperature and content of the water. In the study conducted by Dhakal et al., UPE samples were stored for 900 hours in water at room temperature and boiling water. As a result of this study, UPE samples absorbed about 0.5% water at room temperature and about 2% water at boiling water [11] . In a study conducted by Huang et al., samples are prepared using glass fiber fabric and unsaturated polyester absorbed about 1.5% of water after 21 days [12] .
In this study, unsaturated polyester samples which are hydrophilic were stored in the electrolyte solution for 0, 8, 24, 168 hours respectively. These solution-waited samples were tested according to the IEC 587 Inclined Plane Test (IPT) method. After the tests, weight loss in the samples were measured. The recorded leakage current data was evaluated by the recurrence plot (RP) method, which is frequently used in the analysis of nonlinear time series. Using these results, the change of the dielectric properties of the polyester samples with storage time in the electrolyte solution were examined.
Material and Method
There are different test standards issued by IEC (International Electrotechnical Commission) and ASTM (American Society for Testing and Materials) organizations to evaluate electrical tracking resistance of polymer samples. In this study, Inclined Plane Test method determined by these organizations was used. IEC 60587 and ASTM D2303 are test method standards set by IEC and ASTM organizations, respectively. This test method was first published in 1964 as ASTM D2303 [13] . Then test method was later accepted by IEC and published in 1977 as IEC 60587 [14] . The test standard was last revised by IEC and ASTM organizations in 2007 and 2013, respectively [5, 16] . Despite the small differences between these two test standards, they are based on the same theory. A schematic representation of the experimental setup based on these standards is shown in Figure 1 . 4 kV AC voltage was applied to the samples. A resistance of 33 kΩ was connected in series to the test sample. The flow rate of the electrolytic liquid from the surface was set at 36 ml/h. According to the IEC and ASTM test standarts by the following conditions satisfied in the inclined plane test, tracking failure is occured [5, 16] ;
•
The value of the leakage current flowing from the sample surface is over 60mA for 2 s.
The track length on the sample surface is 25 mm or more from the ground electrode • Erosion on the sample surface [5, 16] .
All the samples used in this study were prepared by using 0.25% methyl-ethyl-ketone-peroxide (MEKP) and 0.25% accelerator (cobalt) by weight in polyester resin under the same laboratory conditions. Test samples were molded in dimensions of 120x50x9 mm.
Recurrence Plot Analysis
The recurrence plot method is an advanced nonlinear data analysis method. This method was presented in 1981 by Maizel and Lenk as a method of visual model analysis of a series of genetic nucleotides [17, 18] . Fundamental structures of the recurrence plot analysis were developed by Eckman et al. [19] . Recurrence plot is a representation of the recurred behavior of the values of the m-dimensional phase space in the two-dimensional phase space. Both axis on the recurrence plots are time. Recurrence plots are a practical way of processing data since it is a graphical framework for extracting information from the time series. [17, 20] . Leakage currents are chaotic signals. For this reason, the application of the recurrence plot technique is very useful for analyzing the leakage currents [17, 21] .
Dynamic systems with non-linear characteristics can be sampled using method in [17, 22] . Recurrence plot method has the advantage of giving accurate results even for very short and unstable data [17, 23] . According to Takens' embedding theorem, the time series is appropriately reconstructed as follows [17, 24] . In this study, x(i) time series are defined as the leakage current data recorded from the system. Defining a function obtained from a time series in a dynamic characteristic as recurrence plot series is as follows.
Where;
ε : Threshold value ,
||.||: Euclidean, maximum or manhattan norm, H(x): Heaviside function M: Number of X (i)
Threshold value selection is very important when analyzing with the recurrence plot technique. The standard deviation of the time series is used when the threshold value (ε) is determined. If the threshold value is chosen extreme, irrelevant points will appear on the plot. If the threshold value is chosen too small, it will cause to loss of some data that might give the right result [17, 25] . Selected threshold value and the values of the data in the embedding vector are processed in the Heaviside unit step function. As a result of this operation, the elements with value 1 are drawn with black in the recurrence plot, while those in value 0 are drawn with white.
Results
Prepared UPE samples in laboratory conditions were aged by waited in solution containing 0.1% NH 4 Cl and 0.2% Triton X-100. While this aging was conducted, 3 groups of samples were waited in this solution for 8, 24 and 168 hours, respectively. Additionally alternative sample group under the same conditions was prepared without waiting session. 3 sample groups are exposed to aging process and a sample group was not exposed to aging process which were evaluated for surface tracking performance with the proposed experimental setup.
Surface Tracking Results
The samples aged in the solution were removed from the solution and dried. After drying, weights of the samples were measured with an analytical balance having a sensitivity of 0.1 mg. With this weights, the samples were compared with their weight prior to being stored in solution. Weight gains in the samples are given as a percentage in Figure-2 . By the computational approach, the average of each sample group is taken within their scopes. UPE samples absorbed water 0.011%, 0.017% and 0.089% of their mass in solution at 8, 24 and 168 hours respectively. The water absorption rate of the UPE is decreased with the increased waiting time in the solution. Due to the saturation rate of the sample increases with time.
Before the test, sample weight was taken with a digital scale. Then the samples were tested on the prepared experimental setup according to IEC 587 standard. After each test, residues of carbon tracks formed on the sample surface were cleaned. Finally the sample weight was measured again. Averages of weight loss within each sample group were taken. The weight losses occurring in the sample groups according to the waiting times in the solution are given in Figure 3 . Weight loss occurred in the samples waited for 8 hours in solution was about 7.5% higher than samples that were not waited. Weight loss of the sample that was waited for 24 hours in solution was about 25% higher than the sample that was not waited. Weight loss of the sample waited in the solution for 1 week (168 hours) is 2.3 times the weight loss of the sample that was not waited. In each test group the degradation time of samples were noted. When this procedure was carried out, the average of the degradation times of each test group is noted along with weight loss. The degradation time of the sample groups according to the waiting times in the solution are given in Figure 4 . According to test results, the degradation time of the sample group that was waited for 8 hours in solution decreased by about 27% compared to the sample group that was not waited. The degradation time of sample groups waited in solution for 24 hours and 1 week (168 hours) decreased by 37% and 72.5%, respectively, when compared to the sample group that was not waited.
The tracking formed on the surface of the samples as a result of the experiments based on the ASTM D2303 standard are shown in Figure 5 .
Recurrence Plot Results
For the recurrence plot analyze the leakage current flowing from the sample surface was recorded by Analog/Digital conversion device. The recorded data was analyze using the recurrence plot method. The relationship of leakage current data and waiting time of samples in solution was analyzed by this method. The last 3 seconds of the test procedure before the degradation of the sample was investigated by this analysis.
The power frequency components have been filtered when the recurrence plot analysis is done. Fourier transform is used for eliminated 50 Hz Components (48-52 Hz). In this analysis, embedding dimensiın (m) is 3, delay time (τ) is 8 and threshold is 0.3•σ. σ is standart deviation of time series. Figure 6 shows the recurrence plots of samples from all sample groups. When the RP of the sample unwaited in the solution given in Figure 6a is compared with the RP of the sample waited in the solution for 8 hours in Figure 6b , it is seen that the black point density is more intense in the sample that was not waited. In other words, the density of the white space is higher in the RP belonging to the sample waited in the solution for 8 hours. Likewise, when the RP of the sample waited in the solution for 8 hours in Figure  6b is compared to the RP of the sample waited in the solution for 24 hours in Figure 6c , the black point density in the RP of the sample waited in the solution for 24 hours is less. When the RPs of all the samples were compared that were unwaited in the solution and waited in the solution for 8, 24, and 168 hours, the black point density was the maximum on the sample that was unwaited and it was the minimum on the sample that was waited in the solution for 168 hours. Namely, the density of the white space is the highest in the RP of the sample, which was waited in solution for 168 hours and shown in Figure 6d .
Conclusions
In this study, unsatureted polyester samples prepared under laboratory conditions were tested according to Inclined Plane Test method. As a result of the tests, weight loss in the samples were measured. The recorded leakage current data from the sample surface during the tests was analyzed by the recurrence plot method. As a result of these information;
1. Weight loss in the samples increased with increasing the waiting time of the samples in the solution 2. The degradation times of the samples were shortened with increasing the waiting time of the samples in the solution, 3. By increasing the waiting time of the samples in the solution, RP Point Density was decreased, White Space was increased. Thus, by increasing the waiting time of the samples in the water, the amplitude of the leakage currents flowing through the sample surface was increased. 4. The increase in the waiting time of the samples in the solution adversely affected the dielectric performance of the samples.
When all these results are evaluated, resistance to tracking of UPE is inversely proportional with waiting time in solution.
Precautions like coating to prevent water absorption must be taken when unsaturated polyester materials used under wet and dirty conditions. 
